ABSTRACT To evaluate autonomic influence on arrhythmogenesis in an animal preparation of triggered activity, we gave increasing doses of cesium chloride (0.125 to 5.0 mmol/kg iv) to 24 dogs distributed equally among four protocols of autonomic intervention: control, total denervation, 13-blockade, and left stellate stimulation. All dogs underwent atrioventricular node ablation followed by ventricular pacing. A left ventricular endocardial monophasic action potential (MAP) catheter allowed for detection of "MAP early afterdepolarizations" (mEAD). mEAD amplitude was measured relative to MAP amplitude. Cesium chloride (CsCl) increased both MAP duration (132% after 0.125 mmol/kg to 188% after 1.0 mmollkg; p < .001) and mEAD amplitude (20% after 0.125 mmol/kg to 49% after 1.0 mmol/kg; p < .001) in a dose-dependent fashion. All dogs exhibited ventricular ectopy at roughly equivalent doses (0.88 + 0.5 mmol/kg). Cesium's peak effect on MAP characteristics, sinus node automaticity, and systolic blood pressure coincided with the onset of sustained ventricular tachycardia (VT). Whereas control and denervated dogs developed VT after similar doses of CsCl (1.21 + 0.1 vs 1.12 + 0.14 mmol/kg; p = NS), none ofthe six 13-blocked dogs developed sustained VT 
THE IDIOPATHIC long QT syndrome is complicated by polymorphic ventricular tachycardia (VT), the mechanism of which in unknown yet presumed to be triggered activity dependent on early afterdepolarizations. 5 Current evidence implicates a central role for the sympathetic nervous system in this life-threatening arrhythmia. 6 Stressful conditions known to increase sympathetic activity, such as violent emotions or exercise, appear to precipitate syncope and sudden death in patients with idiopathic long QT syndrome. 13-Blockade and left high thoracic sympathec-tomny, on the other hand, exert an antiarrhythmic effect.3
In vitro, high concentrations of epinephrine applied to Purkinje fibers produce spontaneous activity arising from early afterdepolarizations.7 To study autonomic influence on triggered activity in vivo, we chose an animal preparation of polymorphic VT occurring in the setting of long QT interval produced by cesium chloride (CsCl) . 8 Cesium has been reported to induce release of catecholamines, both centrally and in the periphery.9 The VT produced by cesium in the intact dog is electrocardiographically similar to torsade de pointes and is caused by early afterdepolarizations that are bradycardia dependent. 8 The phenomenon of early afterdepolarizations in the cesium induced long QT preparation, a central feature of the resultant triggered rhythms, appears detectable with a monophasic action potential (MAP) catheter.2 These "apparent afterdepolarizations" in MAP recordings are related temporally to the appearance of ventricular arrhythmias and have a coupling interval and amplitude nearly identical to the coupling interval and 1149 take-off potential of associated ventricular premature beats. 2 The present studies correlated MAP recordings with arrhythmic outcome in 24 dogs given increasing doses of CsCl after autonomic intervention. We intended to answer three questions: Does the autonomic nervous system mediate or modulate induction of bradycardia and VT by CsCl? Does this interaction influence MAP characteristics, specifically delayed repolarization and "apparent early afterdepolarizations"'? Finally, can clarification of an interaction between autonomic tone and triggered activity add to an understanding of arrhythmogenesis in this preparation?
Methods
After induction of anesthesia with 5 to 12 ml of intravenous sodium thiamylal (5%), 24 mongrel dogs weighing 8 to 13 kg were anesthetized with a combination of a-chloralose and urethane (13.6 After median sternotomy, the heart was supported in a pericardial sling. Bipolar plunge electrodes consisting of Tefloncoated silver wires exposed at the tip were placed in the right atrial appendage and both ventricles to record reference electrograms. An additional set placed in the right ventricle served as bipolar pacing leads. Atrioventricular Figure 2 displays for all four groups the respective time course of prolongation of sinus coupling intervals after the first three doses of cesium. Each line represents a mean of time-aligned recordings from all six dogs in a group. The time course of cesium's effect on sinus node automaticity appeared to be similar in all four groups. Peak effect occurred within 15 to 20 sec after injection. Within 15 min cesium's effect had dissipated. As a result, by the onset of a subsequent injection, sinus coupling interval had returned to baseline.
By the third dose (0.5 mmol/kg), marked sinus pauses shortly after injection were noted, most remarkably in the control group (figure 2, A). Only half of the control dogs, however, developed marked pauses, which when averaged accentuated the peaks in figure 2, A. Any suggestion of periodicity in the peaks is more an artifact of averaging, since in all cases the brady-1152 cardia was erratic. A trend toward irregular sinus discharges in all groups progressed with higher doses of cesium (1.0, 1.25, 2.5, and 5.0 mmol/kg) to a chaotic atrial rhythm with altered p wave axis (not shown). Figure 3 summarizes differences among groups in the dose effect of CsCI on sinus node automaticity. Each data point represents a mean of values between 15 and 60 sec after injection for all six dogs in a group again for the first three doses. In group 1 (control), cesium depressed sinus node automaticity in a dose-dependent fashion. Cesium prolonged sinus coupling intervals by 32% compared with baseline after 0.125 mmol/kg, 68% after 0.25 mmol/kg, and 124% after 0.5 mmol/kg (p = .01). In the remaining three groups, however, cesium produced relatively less depression of automaticity. Maximum depression at 0.5 mmol/kg was 58% in group 2 (denervated), 34% in group 3 (esmolol), and 67% in group 4 (stellate) vs 124% in group 1 (p < .001).
As displayed in figure 3 , no significant dose effect Figure 6 displays the time course and mean cycle length of VT in the three groups exhibiting the arrhythmia. Each line represents a mean of time-aligned recordings from all six dogs in a group. Ventricularly paced at a cycle length of 600 msec, each heart, typically within 30 sec of cesium injection, developed ventricular tachycardia, the cycle length of which shortened progressively. The gradual shortening of cycle length occurred over several seconds in the majority of dogs. This acceleration until achieving a constant rate is classic for the "rhythm of development" of triggered foci.16
The time from injection to onset of VT (latency) indicates when the ectopic cycle length shortened beyond the uniform paced cycle length (overtaking the paced rhythm). Latency, depicted in figure 6 by vertical arrows, differed significantly among groups: 30 ± 15 sec in group 1 (control), 24 After the initial occurrence of VT, subsequent higher doses of CsCI usually produced VT or fibrillation. In all groups the morphology of the second run of tachycardia was less uniform (figure 4, B) compared with the initial occurrence ( figure 4, A) . Time of onset of the second occurrence was earlier and differed significantly among protocols: 22 + 5 sec in group 1, 17 ± 2 sec in group 2, and 9 + 10 sec in group 4 (p < .05). In certain animals from group 4 the second run of tachycardia occurred in the 15 sec window after resumption of stellate stimulation yet before injection of cesium.
Coarse ventricular fibrillation occurred in our control dogs at a relatively predictable cumulative dose, typically, as reported earlier,8 after the QRS complex had widened and in the setting of a marked fall in systolic pressure. All four groups developed ventricular fibrillation at similar cumulative doses: 8.96 ± 2.6 mmol/kg in group 1, 6.46 ± 2.0 mmol/kg in group 2, 8.13 ± 2.7 mmol/kg in group 3, and 6.67 ± 3.4 mmol/kg in group 4 (p = NS).
MAP characteristics. Figures 7 and 8 show the time course and extent of cesium's effect on MAP duration and mEAD amplitude, respectively. The time course of alterations in MAP recordings mirrored that seen with cesium's effect on sinus (figure 2) and ventricular (figure 6) coupling intervals: peaking within 20 sec after injection and largely subsiding by 15 min. As suggested by figures 7 and 8, the dose-dependent effect of cesium chloride on MAP characteristics appeared similar in all four groups, unlike cesium's effect on sinus node automaticity (figure 3). Figure 9 summarizes from figures 7 and 8 the similarities among groups in relative degree of prolongation of MAP duration or augmentation of mEAD amplitude with increasing doses of CsCl. Each data point represents a mean of values between 15 and 60 sec after injection for two to six dogs in a protocol. Onset figure 9, A) . Cesium increased as well the relative amplitude of mEADs in a similar dose-dependent fashion in group 1: 20% at 0.125 mmol/kg to 49% at 1.0 mmol/kg; p < .001 ( figure 9, B) . The change in MAP duration seemed largely accounted for by the increase in mEAD amplitude.
All four curves in figure 9 exhibit a similar slope, suggesting the effect of CsCI dose on MAP characteristics far outweighed any effect of protocol when considering the first three injections. Evaluating mean MAP characteristics from these three injections in an analysis of variance with repeated measures revealed that dose effect of cesium on MAP duration or mEAD amplitude did not differ significantly across groups. However, some splay in the curves from figure 9 , B, occurred with higher doses. For the highest of these doses (0.5 mmol/kg), that injection more likely to produce ectopy, a small but highly statistically significant dilference in mean mEAD amplitude was noted between groups. Mean mEAD amplitude between 15 1156 and 60 sec after 0.5 mmol/kg was 39% in group 1 (control), 49% in group 2 (denervated), 41% in group 3 (esmolol), and 51% in group 4 (stellate) (p < .001).
Such group-related differences were not noted with mean MAP duration: 172% in group 1, 173% in group 2, 179% in group 3, and 179% in group 4 (p = NS). Higher doses of cesium could not be compared between groups, since all dogs in group 4 had developed sustained VT by the fourth (1.0 mmol/kg) injection.
Although differing autonomic interventions had a significant effect on arrhythmic outcome (figure 5), this was accompanied by only minor changes in MAP characteristics ( figure 9, B) . Of note, sizable mEADs (figure 8, C) in group 3 (esmolol) occurred in the absence of sustained VT.
Low membrane potential early afterdepolarizations. Damiano augmented mEAD amplitude whereas P-blockade (group 3) had no effect. mM = millimoles.
2. High membrane potential EADs occurred with hypokalemia and induced triggered action potentials, whereas low membrane potential EADs produced by cesium occurred with normokalemia and were not associated with triggered activity.'4 mEADs in the present experiments, as substantiated by earlier work,2 act like the first variety of EADs in vitro. A potential in vivo correlate of the second variety (low membrane potential) EAD was detected in the present experiments (figure 1, C) only with higher doses of cesium (greater than 1.25 mmol/kg) and, as such, more than 1 hr after initial injections. The occurrence and appearance of this second type of EAD did not exhibit any apparent differences among groups.
Hypertensive response to cesium. CsCI has previously been reported to acutely increase systolic blood pressure.8' 9 17 Figure 10 displays for all four groups the respective time course and extent of increase in systolic pressure after increasing doses of cesium. Similar to cesium's effect on sinus (figure 2) and ventricular (figure 6) coupling intervals or on MAP characteristics (figures 7 and 8), systolic blood pressure peaked within 20 sec and returned toward baseline within 15 min after injection. As might be expected with differing autonomic intervention, baseline systolic blood pressures differed among groups. Figure 11 summarizes from figure 10 the significant dose-dependent fashion in which systolic blood pressure rose in all four groups. There were nonetheless differences among groups in the degree of hypertensive response partly because of differing initial pressures. (p < .001).
Discussion
The present studies have shown that (1) autonomic intervention can affect the arrhythmogenicity of CsCI, (2) this autonomic effect is associated with relatively small but statistically significant changes in mEAD amplitude, and (3) cesium exerts a dose-dependent, chronologically similar effect on sinus node automaticity, mEAD amplitude, and systolic blood pressure, all of which peak with the onset of VT. Dose-dependence of cesium's effect. Cesium's dose-dependent prolongation of phase 3 ( figure 9, A) is consistent with prior work demonstrating cesium's direct inhibition of potassium and non- inactivated sodium currents in excitable tissue.8 ' 18 This "pacemaker" current, if, is a hyperpolarizingactivated current demonstrable in both sinoatrial node and Purkinje fibers, which is blocked in vitro by cesium at millimolar concentrations. 19 The importance of circulating cesium and its dosedependent effect suggest a surface membrane rather than intracellular action. The uniformity of dose producing sustained VT (figure 5) in our control dogs (aided by uniformity of heart rate) suggests that tachycardia occurs only after a threshold afterdepolarization is attained.
Mean tachycardia threshold dose in our control dogs (figure 5) was higher than in prior studies.2 8 The difference presumably lies in our method of dosing (every 15 min) and in our continuous ventricular pacing at shorter cycle lengths.8 In addition, pacing avoided any "proarrhythmic" effect of marked sinus pauses.
Injections exceeding the tachycardia threshold dose produced VT with earlier onset, shorter cycle length and less uniform morphology ( figure 4) Intact stellate ganglia and vagus nerves were not essential for sustained VT in this preparation. Total denervation (protocol 2) produced no significant effect on arrhythmogenic potential (figure 5). The latter finding implicates circulating catecholamines as the more crucial component of the autonomic nervous system in arrhythmogenesis.
Changes in cesium's arrhythmogenic potential (figure 5) coincided with small but statistically significant changes in relative mEAD amplitude (figure 9, B). Left stellate stimulation (protocol 4) augmented mEAD amplitude. Esmolol with vagotomy (protocol 3), however, resulted in no significant effect on mEAD amplitude. Total denervation actually increased mEAD amplitude somewhat. These larger mEADs corresponded with a trend toward a lower tachycardia threshold dose in group 2 (figure 5). The larger mEADs in group 2 suggest a protective role of the vagus nerve. Prior work has shown that the activity of triggered foci in the coronary sinus can be abruptly terminated by the local application of acetylcholine, a property consistent with such foci being the cause of some of the atrial tachycardias that can be interrupted by vagal maneuvers. 16 The influence of autonomic intervention on MAP characteristics was far overshadowed by the influence of dose of CsCl. Our most remarkable finding was that of large mEADs in group 3 in the absence of sustained arrhythmia. The implication is that the effect of circulating catecholamines on the amplitude of mEADs produced by cesium is relatively minor. Stellate stimulation, although highly provocative, produced only a small increase in mEAD amplitude. Sympathetic stimulation nonetheless markedly shortened latency ( figure  6 ). Esmolol, on the other hand, significantly delayed the onset of peak mEAD amplitude ( figure 8, C) .
It should be emphasized that onset of sustained VT in our studies prevented further analysis of mEAD amplitude. Doses higher than 0.5 mmol/kg could not be compared between all four groups in terms of MAP characteristics (figure 9), since all group 4 dogs had exceeded their relatively low tachycardia threshold doses. Because higher doses of cesium typically produced more severe arrhythmia (shorter cycle length, earlier onset), the influence of autonomic intervention on MAP characteristics might have been more pronounced at these higher doses.
Role ofmEADs. Prior work has strongly suggested that mEADs induced by cesium play an important role in the genesis of ventricular ectopic activity.2 In the present studies the existence of marked mEADs in the absence of sustained VT brings into question the role ofmEADs in arrhythmogenesis in this preparation. The focus of the present studies was not to prove that afterdepolarizations recorded from an MAP catheter represent the same phenomenon as that represented by afterdepolarizations in conventional transmembrane recordings from isolated preparations exposed to CsCl. Nonetheless similarities among our groups in both the dose of cesium producing ventricular ectopy and the relative size of mEADs ( figure 9, B) is consistent with the latter representing the source of initiating beats for a sustained tachycardia.
The above observations suggest that the autonomic nervous system, although weakly affecting the amplitude of mEADs, also modulates their expression as sustained VT Cesium depresses normal automaticity along the entire conduction system (sinus node, His-Purkinje, and ventricle) as a prologue to the onset of triggered activity.8`' As with the ion's effect on MAP characteristics, the time course of cesium's depression on sinus node automaticity implicates extracellular rather than intracellular cesium.
Role of hypertensive response. The high systolic pressures achieved in these studies may have resulted from released catecholamines9 and/or a direct effect of cesium on myocardial contractility.22 Peak systolic pressure achieved in our control dogs (group 1) after the 1.0 or 1.25 mmol/kg injection was significantly higher than that in prior studies,8 17 possibly enhanced by our continuous pacing.
The rather high levels of afterload occurring in the present studies (figures 10 and 11) are analogous to those achieved with short-term aortic or pulmonary arterial constriction, which via contraction-excitation feedback produces EADs and regular coupled extrasystoles.23' 24 EADs also occur in Purkinje fibers subjected to stretch alone7 or in hypertrophied myocardium resulting from chronic hypertension. 25 Contraction-excitation feedback could be inferred when changes in mechanical stress or strain precede or cause changes in membrane potential. Such feedback can appear either as a transient depolarization or as a prolongation of action potential, according to the type and timing of the mechanical change producing it.23
That the abrupt changes in afterload (systolic blood pressure) in the present experiments precede or at least are coincident with changes in mEAD amplitude raises the possibility that contraction-excitation feedback contributes to arrhythmogenesis in the CsCl preparation. In the case of delayed afterdepolarizations, most and perhaps all of the factors that change amplitude, e.g., rate or catecholamines, have a similar effect on contractility. 16 Toward understanding a mechanism. Similar time courses of cesium's effect on sinus node automaticity, blood pressure, MAP characteristics, and onset of VT suggest a mechanism that involves not only EADs but also interactions between sinus rate and systolic pressure, all three in turn modulated by the autonomic nervous system. This modulation appears to occur primarily by way of circulating catecholamines.
EADs are central to the development of ventricular ectopy, which can lead to sustained VT. Although the autonomic nervous system indirectly affects EAD amplitude via slowing sinus rates or increasing systolic pressure, there appears as well a direct effect on mEAD amplitude from the sympathetic nervous system and possibly also to a lesser extent from the vagus. Our findings indicate that the strongest influence of the sympathetic system on the production of sustained VT is in modulation of the expression ofmEADs as sustained VT 
